Introduction. - As first recognized by Frenkel [I] and later on by Lehovec [2] and Kliewer [3] there exists, in ionic crystals, a strong interconnection between thermal disorder and space-and surface charges or the resulting surface potentials, respectively. A systematic study how such surface potentials influence the physical properties of a crystal, being merely of academic interest as far as large alkali halide crystals are concerned, turns out to be of great practical importance if applied to silver halide microcrystals of a photographic emulsion with their high surface-to-volume ratios.
Besides the influence of surface potentials upon the fundamental photographic process in emulsion grains, there is even a further need for reliable values of surface potentials in silver halides : Differing from most of the alkali halides, where formation energies are presently available as a result of atomistic calculations [4-51, the corresponding (scarce) data for silver halides, i.e., the formation energies of silver ion vacancies and interstitials, are affected by great uncertainties . Thus, the direct determination of surface potentials of pure AgCl-and AgBr-crystals can serve as an efficient experimental control for atomistically calculated point defect energies in these crystals.
Following the theory of space charges for ionic crystals, exhibiting thermal disorder of the Frenkel type, the surface potential +s is connected with the free energies of formation of vacancies and interstitial~, F, and Fi respectively, by the equation :
where e is the absolute electronic charge, k the Boltzmann constant, and T the absolute temperature. Since the free energy for the formation of a Frenkel defect,
is well known from measurements of ionic conductivity it is possible to determine, by experiment, the terms Fi and F, separately when combining (1) and (2) and to compare the corresponding values with those obtained from atomistic calculations. According t6 this procedure, the following (first) part of this report is devoted to the determination of surface potentials of AgX-crystals (I) , using the KelvinMethod, whereas in the second our method of calculating point defects in silver halides atomistically will be shortly described and results will be compared with those obtained in part one.
1. Determination of surface potentials of AgXcrystals after the Kelvin-Zisman-method. - The only method, allowing the direct determination of surface potentials, i.e., the Kelvin-Zisman-VibratingCapacitor-Technique, has been used to measure surface potentials of thin sheet crystals, bulk Bridgman crystals and evaporated films of AgCl as well as of AgBr.
1.1 EXPERIMENTAL. -The electrical operation of the .Kelvin probe circuit, used in our experiments and schematically sketched in figure 1, differs from that described by Danyluk [7] . The guard had been ( I ) The X in AgX means either C1 or Br. -i F , -I + i k T l n 2 + e c p A , ,
Schematic Kelv~n Probe Clrcult where Ftg is the free lattice (sublimation) energy separated from the vibrating probe and held fixed so that all undesired signals could be suppressed by means of a differential amplifier. Figure 2 shows how the different potentials in the Kelvin probe circuit sum up to the measured compensation voltage Un,, . The silver electrode had been chosen as reference potential zero. For more details, concerning the preparation of the AgXspecimens and the arrangement of the vibrating capacitor circuit, see [8] . Table I. per atom and ecp,, the work function, both of metallic silver. I denotes the ionization energy of a silver atom, FF the free energy of formation of a Frenkel pair, already introduced in (2), and F,AgX the free binding energy of a silver ion at a normal lattice site of an AgX-crystal. The latter term, in contrast with all the other terms of (4), which are sufficiently well known from experiments, must be calculated atomistically, as will be shown in part 2.
1.3 RESULTS. -Combining (3) and (4) and inserting the data collected in table I, where the values for U + in FtgX have been anticipated from part 2, one obtains the surface potentials at room temperature, e$,, for AgCl and AgBr, respectively, as listed in the last column. U , is the internal binding energy of a silver atom in Ag, U + the corresponding value for a silver ion in AgX, and UF the formation energy of a Frenkel pair. The appropriate entropies of formation are given by : S+ = 6.4 k, So = 0.8 k and SF = 9.4 k or 6.8 k for AgCl or AgBr, respectively. The compensation voltage U,,, is the average of measurements performed with a variety of AgX-crystals at room temperature.
1 .4 DISCUSSION. -Our surface potentials, e$,, of AgCl and AgBr as delivered by the Kelvin-ZismanMethod are, using our atomistically calculated value U + for the binding energy of a silver ion in AgX, in agreement with most of the results summarized by Tan [9] and they are in excellent agreement with results obtained by Baetzold and Hamilton [lo] based on surface conductance and diffusion measurements. The negative sign of the surface potential for both, AgCl-and AgBr-crystals, indicating the presence of a positive space charge formed of Ag+-interstitials and opposed by a negative surface charge, due to a surplus of negatively charged kink sites, however, is in contradiction to results obtained by Danyluk and Blakely [ll] who, likewise using the KelvinMethod, found a positive surface potential in the case of AgCl. 2. Atomistic calculations of formation energies of point defects in silver halide crystals. -As already mentioned, there still exists a lack of reliable values for the formation energies of silver ion vacancies and interstitials in AgX-crystals in contrast with most of the alkali halides with rock salt 'structure where the formation energies of Schottky defects are now available from atomistic calculations based on the Born-Mayer-Model of ionic crystals. The main reason for this situation, comparing for example NaCl with AgCl, is the electronic configuration, i.e., the 4d-shell of the Ag+-ion. Its deformation, being responsible for the strong violation of the Cauchyrelation, some pecularities in the phonon dispersion curves, and the band structures of AgX-crystals must be taken into account by adding many body terms to the interaction potentials used in atomistic calculations ofpoint defects [12] . In the following, we will separately treat the formation of an Ag+-vacancy and -as a first attempt -the formation of an Ag+-interstitial in both, AgCl and AgBr. where Uo is the energy for removing a silver ion from a normal lattice site in an ideal rigid lattice to infinity, -U, the relaxation energy, gained if the lattice is allowed to relax by displacements and electronic polarizations of the ions, and -U, the gain in energy if an Agc-ion is deposited at a kink site. Thus, the binding energy of a silver ion at a normal lattice site, U,, listed in the second column of table I, may be expressed by
CALCULATION OF THE FORMATION ENERGY OF
Having at hand realistic interaction potentials (see below) there is no problem to calculate Uo and U, because in both cases the crystal is supposed to be ideal. However, the relaxation energy, U,, being a function of the ionic displacements of all ions of the crystal, can only be approximated by a model dividing the crystal in two regions : An inner region, where ionic positions and corresponding energies must be treated atomistically, and an outer region, where the crystal is supposed to behave like a polarizable dielectricurn.
Expressing U, as the difference,
where Uo, and U,, are energies of an AgX-crystal containing an Ag' vacancy before and after relaxation; U,, itself is composed of three parts :
UL is the contribution of ions in the inner region which, in our case, consists of four ionic shells. U: ; " accounts for interactions between the inner and the outer region, both terms, U! , and Uf;': being calculated atomistically. Uz, finally, expresses the response of a dielectric continuum to a point charge as given by the simple formula :
containing the static dielectric constant, E,, and the radius, R, of region I.
The following interaction potentials were used in calculating the terms U& and U,' ;"of (8) :
Coulomb interaction :
Ur"' = qi qj/rij .
Short range repulsion :
U :
Van der Waals-terms :
Additional terms, coming from the polarization is the electronic dipole moment induced in the ion i energy per ion i of the inner region, by the monopole and dipole fields EM"" and EDip, respectively, originating from region I and from the adequate part of region 11. The deformation dipoles pf, supplementing the polarizable point ion model and -thus adequately describing the dielectric response, 1 --(P; + Pf) dip , (I I) are due to the overlapping of electron shells of interact-2 ing ions and their deformation. All parameters appearing in (10-12) have been adjusted to a variety have been taken into account, where of physical properties like lattice constant and lattice energy, elastic and dielectric constants, and phonon P; = ai(EMo" + E"P)
frequencies in the r and L points. In order to find the for the formation energies of Ag+-interstitials must be considered to be still preliminary for two reasons :
2.2 RESULTS. -The displacements, <,-t,, of the four inner shells in units of nearest neighboursdistances, are given in the second column of table 11, the negative sign denoting an inward displacement.
The different parts of the interaction energies, contributing to the relaxation energy, U, (column 8), are listed in columns 3-7 and the last column contains the formation energies for Ag+-vacancies.
CALCULATION OF THE FORMATION ENERGY OF AN INTERSTITIAL S I L V~ ION.
-In principle, the same method has been used here as in the case of an Ag'-vacancy. However, contrary to a vacancy, the interstitial neither forms rectangular nor aligned triples with its nearest neighbours. Thus, the 3-body-potential of (10) is no longer applicable and has to be replaced by the Axilrod-Teller potential corresponding to 3-body-Van-der-Waals-interaction, 1 + 3 cos qi cos q j cos q, ui;; = c. (12) which is applicable for arbitrary angles p.
Fitting the Axilrod-Teller (AT) parameters to crystal data does not appear as satisfactory as in the case of the Sarkar-Sengupta ,(SS) potentials. Besides this, in computing the interstitial interaction with its neighbouring ions only nearest and next nearest neighbours, for the sake of simplicity, have been considered whereas the fitting procedure even included fourth nearest neighbours.
However, compared with prior results, a trend to realistic values is clearly visible. The improvement has been mainly achieved by replacing the threebody-SS-term of (10) by the AT-potential (12) . Thus, if considering, so far, only the atomistically calculated formation energy values of Agf -vacancies, U,, as reliable (last col. of table 11) they may be compared with experimental ones obtained from the surface potentials e+, (last col. of table I) and the formation energies of Frenkel pairs (4 col. of table I) by combining (1) and (2) and dividing the Frenkel pair entropy into equal parts between the vacancy and the interstitial :
As appears from table IV, the agreement between 2 . 4 RESULTS. -With the many body potential (12) , the theoretical and experimental values for the the energy U y for bringing a silver ion from infinity formation energy of an Ag+-vacancy is excellent to an interstitial position has been calculated (see for AgCl but rather poor in the case of AgBr. The column 2 of table 111). Adding the binding energy, experimental values for the formation energies of U,, of an Ag+-ion with a kink site the formation Ag+-interstitials (last col. table IV) have been obtained energy, U,, of an interstitial is obtained (last col.). using the relation : U,"xP = UF -U y p . 
